Background: Long intergenic noncoding RNAs (lincRNAs) are endogenous non-coding RNAs (ncRNAs) that are transcribed from 'intergenic' regions of the genome and may play critical roles in regulating gene expression through multiple RNA-mediated mechanisms. MicroRNAs (miRNAs) are single-stranded small ncRNAs of approximately 21-24 nucleotide (nt) that are involved in transcriptional and post-transcriptional gene regulation. While miRNAs functioning as mRNA repressors have been studied in detail, the influence of miRNAs on lincRNAs has seldom been investigated in plants.
Background
Long noncoding RNAs (lncRNAs) are generally long transcripts of more than 200 nucleotide (nt) that lack a coding sequence (CDS) or open reading frame (ORF) [1, 2] . Despite exhibiting lower expression levels compared with mRNAs, lncRNAs can regulate gene expression at the transcriptional and post-transcriptional levels [3] [4] [5] [6] [7] . As one of the largest classes of lncRNAs, long intergenic noncoding RNAs (lincRNAs) are endogenous lncRNAs that are transcribed from 'intergenic' regions of the genome. They play critical roles in regulating multiple important biological processes in humans and other animals, including cell cycle regulation, immune surveillance and embryonic stem cell differentiation [8] [9] [10] [11] [12] [13] [14] , while they primarily participate in the environmental stimulus response, vernalization and nodulation in plants, including Arabidopsis thaliana [15] , Triticum aestivum [16] , Cucumis sativus [17] , Setaria italic [18] , Populus trichocarpa [19] and Zea mays [20] [21] [22] . However, compared with animal lincRNAs, the functions of plant lincRNAs and their regulatory roles remain largely undiscovered.
Unlike lincRNAs, plant microRNAs (miRNAs) are approximately 21-24 nucleotide (nt) single-stranded, small non-coding RNAs that typically form near-perfect duplexes with their targets and mediate cleavage or translation repression at the post-transcriptional level [23, 24] . They play vital roles in regulating a broad range of biological metabolic processes, including roles in plant development, flowering time, leaf morphogenesis, hormone signaling and responses to environmental stresses, such as phosphate or/and sulfate stress [25] [26] [27] [28] [29] [30] . miRNAs usually regulate the expression of their mRNA targets through cleavage in plants [31, 32] . However, recent studies suggest that miRNAs function in a more sophisticated way than was initially assumed. In addition to protein-coding RNAs acting as miRNA targets, lincRNAs can also be directly targeted by miRNAs for cleavage [19, [33] [34] [35] .
More interestingly, lincRNAs can also serve as miRNA decoys, miRNA sponges, target mimicry, or target mimics to interfere with the miRNA-mediated regulation of their mRNA targets. Similar to the sequence-dependent interactions of miRNAs with their mRNA targets, miRNA decoys also rely on the sequence-dependent interaction of miRNAs with lincRNAs, except for the bulges in the middle of miRNA-lincRNA duplexes. If lincRNAs acting as miRNA decoys and mRNAs acting as miRNA targets can be bound by the same miRNAs, then lincRNAs could function as competing endogenous RNAs (ceRNAs); they could directly interact with the specific miRNA and sequester it in a type of target mimicry to protect target mRNAs from repression, which is known as the "ceRNA hypothesis" [36, 37] . In animals, the long noncoding RNA linc-MD1 can act as a miR133 and miR135 sponge and up-regulate muscle-specific expression of the respective miR133 and miR135 targets MAML1 and MEF2C [38] . In plants, the classical example of an miRNA decoy is IPS1, which is a long non-coding RNA that contains an ath-miR399 decoy site and can serve as an miRNA decoy to inactivate ath-miR399 and up-regulate the expression of the ath-miR399 primary target PHO2 [39] . In rice, it has been reported that two lincRNAs that act as decoys of miR160 and miR164 can regulate floral and/or seed development [40] . Recently, 25 miRNA decoys from Arabidopsis and 94 miRNA decoys from rice were identified; overexpressing the decoys of miR160 and miRNA166 can alter plant development, indicating that ncRNAs, short ORF encoding genes and intergenic sequences acting as miRNA decoys are functional in plants [41] .
Maize (Zea mays L.) is one of the most important crops worldwide. It serves as a food source for people around the world and as a model organism in genetics research [42] . With the release of the maize genome, increasing amounts of transcriptome data; degradome data; and specific data on miRNAs, lincRNAs and mRNAs have been accumulated. It is now possible for us to investigate the function of lincRNAs as miRNA targets or decoys in maize. Here, lincRNAs acting as miRNA targets were initially identified based on degradome data, and lincRNAs that may act as miRNA decoys were subsequently predicted. To explore the function of lincRNAs acting as miRNA targets or decoys, a genome-scale network among miRNAs, lincR-NAs acting as miRNA targets, lincRNAs acting as miRNA decoys, and mRNAs was first constructed. Then, the functions of lincRNAs acting as miRNA targets were predicted and annotated via a co-expression network between lincRNAs and mRNAs, and the functions of lincRNAs acting as miRNA decoys were predicted and annotated according to the ceRNA hypothesis. Our research demonstrates that lincRNAs can act as miRNA targets or decoys to mediate the regulation of gene expression, and the annotation of lincRNA functions will facilitate the validation of the lincRNA functions in the future.
Methods

LincRNA and cDNA data
Primary data on lincRNAs were first integrated from three published studies on maize, consisting of 1704 high-confidence lncRNAs, 439 lincRNAs, and 664 putative maize lncRNAs [20] [21] [22] . Then, lncRNAs that were not located in intergenic regions and lincRNAs that were small RNA precursors were filtered out, and a total of 1831 lincRNAs were obtained and used in further analyses (Additional file 1). To distinguish the lincRNAs from these three data sources, the first authors' names were added to the IDs of the lincRNAs. Maize cDNA data were downloaded from MaizeGDB ftp://ftp.ensemblgenomes.org/ pub/plants/release-22/fasta/zea_mays/.)
miRNA data
Data on mature miRNAs were downloaded from miR-Base (version 21: June 2014, http://www.mirbase.org/) [43, 44] , and 321 maize miRNAs were extracted. A total of 203 unique miRNAs were obtained after merging these sequences with different miRNA IDs.
Degradome data
The degradome data from maize were downloaded from NCBI's Gene Expression Omnibus (GEO) with the accession numbers of SRX222260, SRX222262, SRX222264, SRX222266 (http://www.ncbi.nlm.nih.gov/ sra/?term=SRP018376) [45] [46] [47] . The raw reads from the above data were first processed using the FASTAX-Toolkit to trim adapter sequences with many "N" and ignored reads that were less than 18 nt. Then, the redundant reads were merged and 3268059, 4106567, 2682186 and 2965163 unique reads were obtained from the optional nitrate root tip, low nitrate root tip, low nitrate leaf and optional nitrate leaf, respectively (Additional file 2).
Prediction of miRNA targets
The miRNA targets of lincRNAs or cDNAs were predicted using GSTAr.pl script, and the minimum free energy (MFE) of miRNA-lincRNA or miRNA-cDNA duplexes was calculated with the RNAhybrid program [48] [49] [50] . Then, a modified version of the CleaveLand4 program was used to identify the potential cleavage sites of miRNAs in the corresponding targets based on degradome data http:// sites.psu.edu/axtell/software/cleaveland4/) [51] . To obtain high-quality lincRNAs acting as miRNA targets and to distinguish those lincRNAs acting as miRNA decoys, the following rules were used: at most, one mismatch or indel was allowed between the 9 th and 12 th positions of the 5′ end of miRNA sequences, the total number of bulges or mismatches in the other regions was not allowed to exceed 4 nt, and no continuous mismatches were allowed [41, 51] . In addition, target plots indicating the abundance of each distinct read for the lincRNAs acting as miRNA targets were generated.
Prediction of miRNA decoys
LincRNAs potentially acting as miRNA decoys were predicted based on Wu's methods with a slight modification [41, 52] . Generally, the following set of rules was used: (1) the number of mismatches or indels should be larger than 1 and less than 6 between the 9 th and 12 th positions of the 5′ end of the miRNA sequences; (2) perfect nucleotide pairing was required between the 2 nd and 8 th positions of the 5′ end of miRNA sequences; and (3) the number of mismatches and indels should be no more than 4 in other regions. These rules were implemented using in-house Perl scripts.
Conservation analysis of lincRNAs acting as miRNA targets or decoys
To investigate the conservation of lincRNAs acting as miRNA targets or decoys, five genomes of other monocotyledons (monocots) (Sorghum bicolor, Setaria italica, Panicum virgatum, Oryza sativa and Brachypodium distachyon) were downloaded from Phytozome (v9.1) (http://www.phytozome.net/) [53] , and the lincRNA regions that paired with miRNA targets or decoys were searched against the 5 monocot genomes using BLASTN with a cutoff threshold of an E-value less than 1e-1 [54] . Then, the significantly matched regions plus their flanking regions (100 bp in total) were obtained [55] . Finally, multiple sequence alignment was conducted with MAFFT v6.864b, using parameter settings of maxiterate 1000 and localpair [56] . If the identities between the conserved sites were greater than 80%, then the conserved sites were highlighted.
Construction of miRNA-lincRNA-mRNA networks
To infer the function of lincRNAs, networks were constructed based on the complementary pairs between miRNAs and lincRNAs and between miRNAs and mRNAs. The nodes in the networks consisted of miR-NAs, lincRNAs acting as miRNA targets, lincRNAs acting as miRNA decoys, mRNAs acting as miRNA targets, and mRNAs acting as miRNA decoys. The miRNA-lincRNA-mRNA networks were visualized with Cytoscape 3.1.1 [57] .
Functional prediction of lincRNAs acting as miRNA targets based on the lincRNA-mRNA co-expression networks Fifty-four datasets, including 30 RNA-seq experiments performed in 13 different tissues (leaf, immature ear, immature tassel, seed, endosperm, embryo, embryo sac, anther, ovule, pollen, silk, root and shoot apical tissues), were applied to construct a co-expression network between lincRNAs acting as miRNA targets and mRNA genes [58] [59] [60] [61] [62] [63] . The construction method was similar to that of Liao [64] and Hao [17] . In general, the pipeline for constructing the co-expression network was as follows: (1) genes, including mRNAs and lincRNAs, whose variances ranked in the top 75 % of the expression profiles were retained; (2) the p-value of Pearson's correlation coefficient (Pcc) was calculated for each pair of genes using Fisher's asymptotic test in the WGCNA library of R [65] , and these values were adjusted using the Bonferroni correction method; and (3) co-expression relationships showing adjusted p-values of less than 0.05 and ranking in the top 5 % and bottom 5 % of Pcc were selected for further analysis. The Bonferroni multiples test was executed using the multtest package from R. The co-expression networks were also visualized using Cytoscape [57] . Based on the co-expression network between lincR-NAs acting as miRNA targets and mRNAs, we used the AgriGO toolkit and input the list of mRNA genes to predict the function of these lincRNAs [66] .
Functional prediction of lincRNAs acting as miRNA decoys based on miRNA-lincRNA-mRNA networks Based on the ceRNA hypothesis and gene ontology (GO) analysis, the function of lincRNAs acting as miRNA decoys can be speculated based on the miRNA-lincRNA-mRNA networks. AgriGO, an integrated webbased GO analysis toolkit, was employed for the functional annotation and enrichment analysis [66] . The IDs of all of the listed mRNAs connected with lincRNAs acting as miRNA decoys were submitted for GO analysis, and the overrepresented GO terms in the "biological process", "cellular component" and "molecular function" categories were obtained using Fisher's exact test and the Bonferroni multiples test (P-value < 0.05). 
Results
Identification of lincRNAs as putative miRNA targets
Previous research has suggested that miRNAs play roles in regulating the expression of mRNAs, but the comprehensive patterns of miRNA regulation of lincRNAs remain unknown. To systematically investigate the miRNAmediated regulatory mechanism of lincRNAs, a method for predicting miRNA targets among lincRNAs was applied (see Materials and Methods). The results revealed 789 miRNA-lincRNA interactions (Additional file 3). In total, 466 lincRNA targets were predicted for 165 miRNAs in Zea mays.
To eliminate potential false-positive lincRNAs predicted as miRNA targets, we applied degradome reads to validate miRNA targets using a modified version of the CleaveLand pipeline [51] . The results showed that 42 miRNA-lincRNA duplexes were supported by the degradome reads, which were formed by 33 miRNAs and 34 lincRNAs ( Table 1 , Additional file 4). When the degradome reads were mapped on each lincRNA, the abundance of the degradome reads at each position of the lincRNAs and the cleaved positions in each lincRNA could be obtained. For example, the abundance of degradome reads and cleavage sites in the lincRNA Boerner_Z27kG1_17085, which can act as a target of zma-miR166h-5p, is shown in Fig. 1 .
Conservation of lincRNAs as miRNA targets between six monocotyledons
To investigate the conservation of lincRNAs as miRNA targets, the lincRNA regions that paired with miRNAs were searched against the 5 genomes of monocots, and the significant matched regions plus their flanking regions were obtained. Conservation analysis was performed, and 12 of 33 miRNAs were found to show conserved target regions in lincRNAs among maize and three to five other species. For example, the sequence logo and multiple sequence alignment of zma-miR166n-5p targets in lincRNAs provide a precise description of the conservation of these target regions (Fig. 2) . However, the lincRNA regions outside of the predicted miRNA binding sites were not conserved, except for the lincRNAs targeted by zma-miR160b/g-3p and zma-miR169l-3p, which were conserved among 4 and 5 species, respectively (Additional file 5). In summary, lincRNAs acting as miRNA targets are a common phenomenon among monocots.
Identification of lincRNAs acting as miRNA decoys
Previous studies have shown that the duplexes formed by miRNAs and miRNA decoys usually contain bulges or mismatches in the middle of the miRNA binding sites, which is thought to block the interaction between miRNAs and their specific mRNA targets [41, 52] . GSTAr.pl can efficiently identify sites with large bulges in the alignments between miRNAs and lincRNAs. Therefore, we used a computational pipeline to identify lincRNAs acting as miRNA decoys in maize. In total, we found that 86 lincRNAs that may act as miRNA decoys could be bound by 58 miRNAs and formed 104 miRNA-lincRNA duplexes ( Table 2 , Additional file 6).
Conservation of lincRNAs as miRNA decoys between six monocotyledons
Similar to the analysis of the conservation of lincRNAs as miRNA targets, a conservation analysis of lincRNAs acting as miRNA decoys was also performed between the lincRNA regions that paired with miRNAs. Altogether, 10 of 58 miRNAs showed conserved decoy regions in lincRNAs among four to six species. For example, the sequence logo and multiple sequence alignment of zma-miR171f-5p decoys provide a precise description of the conservation of decoy regions (Fig. 3) .
Except for the zma-miR159e-3p and zma-miR482-3p decoys, other lincRNAs as miRNA decoy sites were conserved, but all of the surrounding regions were nonconserved (Additional file 7).
LincRNAs may participate in miRNA-lincRNA-mRNA networks
Previous research has demonstrated that engineered miRNA decoys can affect the regulation of miRNAs in plants [39, 52, 67] . To investigate the function of lincR-NAs acting as miRNA targets or miRNA decoys, comprehensive genome-wide networks mediated by miRNAs were constructed. The networks were composed of 9402 nodes and 10,529 edges, and the nodes included 78 miR-NAs, 117 lincRNAs (lincRNAs acting as miRNA targets, lincRNAs acting as miRNA decoys) and 8834 mRNAs (mRNAs acting as miRNA targets, mRNAs acting as miRNA decoys) ( Fig. 4, Additional file 8 ). There were 42 interactions between miRNAs and lincRNAs acting as miRNA targets, which included 33 miRNAs and 34 Fig. 4 Genome-wide miRNA-regulated networks. Pink nodes: miRNAs. Yellow nodes: lincRNAs that may be miRNA targets. Green nodes: lincRNAs that may be miRNA decoys. Cyan nodes: mRNAs that may be miRNA targets. Blue nodes: mRNAs that may be miRNA decoys. Grey edges: correlations. b, c and d were extracted from (a) lincRNAs, and 104 interactions between miRNAs and lincRNAs acting as miRNA decoys, which included 58 miRNAs and 86 lincRNAs. Moreover, 3714 mRNAs as 78 miRNA targets and 5490 mRNAs as 78 miRNA decoys are also shown. Interestingly, we found that the majority of nodes participated in other miRNAregulated networks, but only three miRNAs including zma-miR529-5p, zma-miR399g-5p and zma-miR393c-5p:zma-miR393a-5p, formed separate sub-networks.
To further investigate the patterns of the miRNA-lincRNA-mRNA networks, we compared the number of four types of RNAs, including lincRNAs acting as miRNA targets, lincRNAs acting as miRNA decoys, mRNAs acting as miRNA targets and mRNAs acting as miRNA decoys, and found that the numbers of the four types were unevenly distributed for each miRNA. Additionally, the number of miRNA decoys was often greater than that of miRNA targets in most sub-networks, and only a small number of sub-networks had more miRNA targets than decoys (Fig. 5 ).
Furthermore, we found that miRNAs could bind to one or more lincRNAs (Fig. 6, Additional file 9 ). For example, Boerner_Z27kG1_07658 and Boerner_Z27kG1_17312 acted as decoys of zma-miR166n-5p, and Boerner_Z27kG1_01291 acted as a target of this miRNA. We also found that some lincRNAs could be bound by miRNAs from the same or different miRNA families. For example, Li_T-CONS_00096947 and Li_TCONS_00064018 could be bound by zma-miR169n-3p and zma-miR169q-3p, and Boerner_Z27kG1_01046 could be bound by zma-miR408b-3p:zma-miR408a, zma-miR528a-3p:zma-miR528b-3p and zma-miR164b-3p ( Fig. 6) . Amazingly, the same lincRNA could be used as both a miRNA target and decoy using different binding sites in the lincRNAs. For example, Boerner_Z27kG1_08283 could be a target of zma-miR160b-3p:zma-miR160g-3p and zma-miR482-3p, and it could act as a decoy for zma-miR399e-5p ( Fig. 6 ).
Functional prediction of lincRNAs acting as miRNA targets based on the lincRNA-mRNA co-expression network
To speculate on the functions of the 34 validated lincR-NAs acting as miRNA targets, a co-expression network between lincRNAs and mRNAs was first constructed and then visualized (see materials and methods). The lincRNA-mRNA co-expression network was composed of 32 lincRNA nodes, 9043 mRNA nodes and 17968 Fig. 5 The number of alignments formed by miRNA-lincRNA and miRNA-mRNA duplexes. The X axis legend represents the miRNAs in maize. The Y axis legend indicates the number of lincRNAs or mRNAs that function as miRNA targets or decoys. The different colors of bars indicate different types of lincRNAs edges (Fig. 7 , Additional file 10), and we were able to infer that 32 lincRNAs could be co-expressed with 9043 mRNAs. In the network, we could see that one or more mRNAs were centered around lincRNAs and were connected to lincRNAs based on the Pearson correlation coefficient. Therefore, we could infer the function of each lincRNA based on the function of connected mRNAs. Through GO enrichment and functional analysis of the mRNAs that were co-expressed with lincR-NAs, we found that lincRNAs mainly participate in cellular, metabolic and other biological processes, such as regulation of biological processes, metabolic processes, cellular processes, as well as in the response to stress (Fig. 8, Additional files 11 and 12) . These lincRNAs were also highly enriched in cellular component terms including thylakoid and photosynthetic membrane (Additional files 11 and 13) . Moreover, we found that the GO terms "hydrolase activity, acting on acid anhydrides", "tetrapyrrole binding", "iron ion binding" and "heme binding" were enriched in the "molecular function" category (Additional files 11 and 14) .
Functional prediction of lincRNAs acting as miRNA decoys based on miRNA-lincRNA-mRNA networks Based on the ceRNA hypothesis, which suggests that when lincRNAs acting as miRNA decoys and mRNAs are targeted by the same miRNAs, the function of the lincRNAs acting as miRNA decoys can be inferred from the mRNAs, we speculated on the function of 86 lincR-NAs acting as 58 miRNA decoys. After using the AgriGO toolkit to perform GO analysis of mRNAs that could be targeted by the same miRNAs acting on lincR-NAs [66] , we found that lincRNAs acting as miRNA decoys were involved in multiple biological processes, participated in the formation of many cellular components, and influenced the activities of molecular functions ( Fig. 9 , Additional file 15). They were mainly involved in cellular and metabolic processes, and the molecular functions of lincRNAs acting as miRNA decoys were focused on catalytic activity and binding functions ( Fig. 9) .
To obtain a global function of lincRNAs acting as miRNA decoys, we performed enrichment analysis again, and found that these 86 lincRNAs may participate in Fig. 6 Representative regulatory networks of miRNA-lincRNA duplexes. Pink nodes: miRNAs. Yellow nodes: lincRNAs that may be miRNA targets. Green nodes: lincRNAs that may be miRNA decoys. Grey edges: correlations Fig. 7 The network of lincRNAs acting as miRNA targets that are co-expressed with mRNAs. Pink nodes represent lincRNAs, and blue nodes represent mRNAs. The edges represent connected nodes that exhibit a high correlation Fig. 8 GO term enrichment analysis of lincRNAs acting as miRNA targets in maize. In the bar chart, the GO annotation is presented as the X axis legend and percent of genes as the Y axis legend. In the figure, blue bars represent the enrichment status of the mRNA GO terms among the 32 co-expressed lincRNAs, and green bars represent the percentage of the total annotated maize genes that were aligned to the GO terms. The GO analysis was performed using the AgriGO toolkit, selecting the "Zea mays ssp V5a" as a control set diverse biological processes, such as cellular component organization; cellular component biogenesis; cellular processes; and metabolic processes, including macromolecular complex subunit organization, nucleosome assembly, DNA packing, superoxide metabolic processes, ribosome biogenesis, oxidation reduction, biosynthetic processes and translation (Additional file 16). They could also be involved in the formation of cells, macromolecular complexes, cell projections, cytoplasm, microtubules and protein-DNA complexes (Additional file 17). Moreover, these lincRNAs might modulate the effects of multiple molecular functions, including binding, structural molecular activity, transporter activity, catalytic activity, and electron carrier activity, and they may exhibit translation elongation factor activity, unfolded protein binding activity, monooxygenase activity, ammonia-lyase activity and GTPase activity (Additional file 18).
Discussion lincRNAs can be direct miRNA targets in maize
With their importance in regulating gene expression, lincRNAs have garnered significant attention in the life science field. Although increasing lincRNAs have been predicted and identified in plants [15] [16] [17] [18] [19] [20] [21] [22] , the relationship between miRNAs and lincRNAs have seldom been investigated by comparing the mRNAs as miRNA targets [19, 33, 34] . Recently, 51 lincRNAs were identified as putative targets of 30 miRNAs in Populus trichocarpa [19] , but the evidence of lincRNAs acting as miRNA targets in plants are still lacking.
In plants, degradome sequencing is a new technology to identify and validate targets of miRNAs [68] [69] [70] [71] [72] , and it has been used to directly validate miRNA targets in plants. Currently, only mRNAs as miRNA targets, but not lincRNAs as miRNA targets, have been validated by degradome data. Thus, using degradome data, we validated 34 lincRNAs as 33 miRNA targets, which indicates that, similar to mRNAs acting as miRNA targets, lincR-NAs can also directly act as miRNA targets.
LincRNAs can also be miRNA decoys in maize
Functional target mimicries (miRNA decoys) were first studied in Arabidopsis [39] ; consequently, computational methods have been used to identify miRNA decoys, but most of the identified miRNA decoys were protein-coding genes [52, 73, 74] . Only few studies were performed in ncRNAs as putative miRNA decoys [19, 41, 55] , and no lincRNAs as miRNA decoys had previously been investigated in maize.
In our study, we found that a portion of lincRNAs could not be directly cleaved by the miRNA-associated silencing complex due to the existence of mismatches or large bulges at the 9 th to 12 th nucleotide positions of the miRNA-lincRNA pairing site. Using bioinformatics, we identified 86 lincRNAs acting as 58 miRNA decoys in maize and found that the miRNA decoy sites were conserved; however, most of the flanking regions of the miRNA decoy sites were not conserved. Our results indicate that lincRNAs acting as miRNA decoys widely exist in plants, which supports previously published data Fig. 9 GO term enrichment analysis of lincRNAs acting as miRNA decoys in maize. In the bar chart, the GO annotation is presented on the X axis legend and the percent of genes on the Y axis legend. In the figure, blue bars represent the enrichment status of the GO terms among the 58 miRNA targets in mRNAs, and green bars represent the percentage of the total annotated maize genes that were aligned to the GO terms. The GO analysis was performed using the AgriGO toolkit, selecting the "Zea mays ssp V5a" as a control set that lincRNAs as miRNA decoys could also be regulators of miRNA [19, 41] .
The potential function of lincRNAs as miRNA targets or decoys
To investigate the function of maize lincRNAs acting as miRNA targets or decoys, two methods were used in this study: a co-expression network and the ceRNA hypothesis. The co-expression network, which is commonly used to predict gene function [64, 75, 76] , was used to predict the function of lincRNAs as miRNA targets. By using the co-expression network, we predicted the function of 32 maize lincRNAs, and these lincRNAs were enriched in signaling processes, the regulation of biological processes, multicellular organismal processes, metabolic processes and immune system processes. Interestingly, these lincRNAs were enriched in multiple molecular functions, mainly in the catalytic activity and binding categories. Furthermore, when comparing with drought response lincRNAs previously reported, we found that three lincRNAs as miRNA targets in stress category were differentially expressed between the control and drought-stressed leaves (Additional file 19) , which indicated that lincRNAs as miRNA targets may be involved in drought-stress [22] .
The ceRNA hypothesis implies a network relationship between miRNAs, lincRNAs as miRNA decoys, and mRNA as miRNA targets; in these networks, lincRNAs could act as miRNA decoys, sequestering miRNAs and thereby favoring the expression of repressed mRNA targets [36, 77] , and such networks can be used to predict the function of lincRNAs as miRNA decoys. Here, the functions of 86 lincRNAs acting as 56 miRNA decoys were predicted, and it was found that they can inhibit miRNA functions in a spatial-or temporal-specific manner, thus contributing to the regulation of transcript complexity in maize. Furthermore, when comparing the lincRNAs as miRNA decoys in the stress category using the previously reported drought response lincRNAs, 7 lincRNAs as miRNA decoys had been investigated previously and were differentially expressed between the control and drought-stressed leaves (Additional file 19), which indicated that lincRNAs associated with drought stress could potentially regulate miRNAs through lincR-NAs as miRNA decoys.
Of the 1831 identified lincRNAs in maize, the number of lincRNAs that had the inferred function (34 lincRNAs as miRNA target, 86 lincRNAs as miRNA decoys) was still limited, which is consistent with the diverse mechanism of action of lincRNAs [15, 22] . We think that the lincRNAs as miRNA targets or miRNA decoys are just one type of lincRNAs, and we hope to investigate the function of other types of lincRNAs by using other methods, such as lincRNA-protein interaction prediction.
In summary, our study lays a solid foundation for elucidating the regulatory mechanisms of miRNAs in maize and provides a source for exploring the function of lincRNAs in the future.
Conclusions
This study employed a computational pipeline for the systematic analysis of putative miRNA-lincRNA duplexes to better understand the role of lincRNAs. We found that 42 miRNA-lincRNA duplexes remained after filtering based on degradome evidence, and they were composed of 33 miRNAs and 34 lincRNAs that may be directly cleaved by miRNAs. Furthermore, 32 of the 34 lincRNAs could be co-expressed with mRNAs, and 86 lincRNAs were predicted as miRNA decoys that may competitively bind to miRNAs. According to the obtained co-expression networks and the ceRNA hypothesis, we effectively predicted the function of lincRNAs as miRNA targets or decoys. Future experimental studies are required to elucidate the mechanisms of miRNA-lincRNA duplexes and to reveal the functions of these lincRNAs in plants.
